The surface-based Atmospheric Emitted Radiance Interferometer (AERI) is an important measurement component of the Department of Energy Atmospheric Radiation Measurement Program. The method used to retrieve temperature and moisture profiles of the plantetary boundary layer from the AERI's downwelling spectral radiance observations is described.
Introduction
Use of ground-based instrumentation to obtain atmospheric temperature retrievals from infrared (IR) radiances was first suggested by Smith (1970) . The advantage of using an interferometer system to sense lower tropospheric temperature and water vapor was first demonstrated at the Ground-based Atmospheric Profiling Experiment (GAPEX) in 1988 using the High-resolution Interferometer Sounder (HIS) aircraft instrument looking upward from the surface. Encouraging temperature and moisture retrieval results were obtained from the radiance data collected, which compared favorably to radiosonde data used as ground truth (Smith et al. 1990 ). Improvements in the system funded by the Department of Energy's (DOE) Atmospheric Radiation Measurement (ARM) program produced an Atmospheric Emitted Radiance Interferometer (AERI) prototype system and finally the current operational version of the instrument Smith et al. 1993) . AERI has evolved into a fully automated, self-calibrated (Revercomb et al. 1988 ) instrument that allows continuous monitoring of the atmospheric downwelling IR emission. This remote sensing approach is now being adopted elsewhere around the world (Spankuch et al. 1995) .
The AERI radiances can be used to produce vertical temperature and water vapor profiles every 10 min (Feltz 1994; Feltz et al. 1995; Feltz et al. 1996; Smith et al. 1995) in the planetary boundary layer (PBL)-the lowest 3 km of the earth's atmosphere. AERI measures IR radiation spectra (3-18 m) with a spectral resolution better than 1 cm Ϫ1 (Fig. 1 ). These radiance spectra are transformed to vertical temperature and water vapor profiles by inverting the radiative transfer equation (RTE). The 10-min time sampling allows high vertical and temporal resolution boundary layer information to be obtained during frontal passages, when rapid destabilization occurs as a result of surface heating and dry line passages and during other dynamic meteorological situations. Good temperature and water vapor retrieval skill using AERI to sound the PBL has been shown during numerous field experiments. This paper presents the methodology used to retrieve atmospheric profiles of temperature and water vapor from AERI data. Statistical comparisons with radiosondes for both clear and cloudy conditions over a sixmonth period of operation at the DOE Cloud and Radiation Testbed (CART) site near Lamont, Oklahoma, are provided to illustrate the accuracy of the AERI sounding system. Example comparisons of time cross sections of boundary layer structure observed by AERI and 3-hourly interval radiosondes are presented to dem-
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A radiometric observation of both radiance bands vs wavenumber showing the spectral regions used in the AERI retrieval algorithm. Please consult Table 1 for specific quantitative wavenumber regions. onstrate the ability of the AERI system to resolve significant thermodynamic features of the PBL with high time resolution.
Retrieval methodology
The AERI retrieval is accomplished in two steps. 1) An initial temperature and water vapor profile is obtained using nearby radiosonde observation, forecast profile, or an estimate based on a statistical regression formed from a climatological set of radiosonde data, and 2) an iterative recursive physical solution of the radiative transfer equation, using the results of 1) as the initial profile, is conducted to yield a final measure of the temperature and water vapor profile.
The profile retrieval process requires the use of an initial, or guess, temperature and water vapor profile (Smith 1970) . This initial profile serves as a first guess to constrain the result to a reasonable solution, which is particularly important in atmospheric regions where the profile information content of the radiances is weak (i.e., above the PBL for this case). The initial profile is obtained here using a 2-yr radiosonde climatology for the Southern Great Plains (SGP) DOE CART site. This dataset is used to develop regression equations that are used to provide an initial profile for each retrieval based on the actual radiance observations associated with that retrieval. The development of the ''regression guess'' relations is described as follows.
A fast forward model calculation (described later) of spectral radiance, as would be observed by AERI, is performed for each radiosonde case to provide a radiosonde-spectral radiance pair for the statistical regression analysis. A regression analysis is then applied to relate these theoretical calculations of radiance, for the spectral regions listed in Table 1 and illustrated in Fig.  1 , and the matching radiosonde temperature and water vapor profiles. The resulting regression equations allow the specification of an excellent initial profile of atmospheric state, as needed for a physical solution of the RTE, from every AERI observation. Total precipitable water (TPW) and/or surface humidity can also be used as a predictor in the regression. This allows the use of microwave radiometer (Han et al. 1994) or global positioning system (GPS)-derived TPW (Businger et al. 1996; Ware et al. 1996) and/or surface observations to be used as additional information to better constrain the statistical retrieval used as the initial profile in the physical retrieval process.
A schematic of the retrieval technique can be seen in Fig. 2 . In practice, microwave radiometer TPW may not
A schematic of the AERI retrieval process at the SGP CART site. Microwave radiometer total precipitable water and surface water vapor data are only used to improve the first guess and are not necessary to do retrievals. The AERI physical retrieval algorithm will change the first guess to fit the observed radiances without any auxiliary data.
be available for use in the AERI retrieval. To cope with this possibility, separate sets of regression equations are derived that exclude these data as predictors for use when these data are missing. Comparisons of retrievals conducted with and without the use of TPW observations indicate that the degradation of the resulting retrieval produced by the loss of these data is limited to the layer between 1500 and 3000 m. The additional information TPW offers impacts only where AERI water vapor weighting functions are rapidly decaying. Surface mixing ratio is easily measured with a sensor on the AERI system or a nearby meteorological surface station.
A physical iterative and recursive solution of the RTE provides the final temperature and moisture profile retrieval. The final solution, obtained through iterative application of an inverse of a simplified RTE, satisfies the observed AERI spectrum through minimal adjustment of the initial regression guess profiles. During each iteration, temperature and water vapor mixing ratio adjustments are made to minimize the differences between observed and calculated spectra. The physical retrieval algorithm usually converges within 10 iterations.
The radiative transfer equation to be inverted is
͵ dp p s
is the total transmittance of the atmosphere between the surface and pressure ( p s is pressure p at surface s), ⌸ i is the product of i absorbers, B (T) is the Planck radiance corresponding to temperature T, p is the atmospheric pressure, g is acceleration due to gravity, k and kЈ are the absorption line and continuum absorption coefficients, respectively, and q i is the mixing ratio of the ith absorbing gas. In case of clouds, the cloud component of transmittance is given by
cld s c c where p c is the cloud-base pressure and ⑀ c is the effective cloud emissivity. Equations (1) and (2) neglect the reflection of ground radiation from clouds. Since most of the channels used to retrieve temperature and water vapor are within high absorption regions, this additional source of energy is negligible. However, in window regions this contribution may be important. The procedure used to define these cloud parameters from the AERI spectra can be found in Smith et al. (1993) and is outlined below. Equation (1) is solved for the water vapor mixing ratio q( p) and atmospheric temperature T( p) through a mathematical linearization of the RTE and an inverse solution obtained using a numerical recursion process. Linearization leads to the perturbation form (see the appendix) 0 0 ␦R ϭ Ϫ ␦TW (T ) dp Ϫ ␦q W (q ) dp, (3)
where ␦ is a perturbation from the guess or prior solution; T is temperature; W is the weighting function for temperature, W (T), and water vapor, W (q); and q i is the mixing ratio of the unknown absorbing gas profile (i.e., water vapor mixing ratio). The frequency dependence of R and W is understood. Specifically (from the appendix),
␦T dp
where the zero superscript refers to the guess condition and
and the frequency dependence of all quantities, except T and q, is understood. The weighting functions decrease exponentially with increasing altitude, with the rate dependent on the strength of the absorption. Thus, the radiance signals ␦R are dominated by contributions from near the surface with rapidly decreasing sensitivity to contributions from aloft. This altitude sensitivity characteristic leads to numerical instability of the direct inverse of (3) because of the strong correlation of the weighting functions among different spectral channels (i.e., lack of linear independence of the system of equations). However, the rapidly diminishing sensitivity of the observed radiance with altitude enables a very stable recursive procedure to be used, whereby the temperature and moisture mixing ratio values are obtained in a subsequential fashion starting at the surface and moving upward in altitude. Assuming for each recursive step that ␦T and ␦q are independent of pressure for p Յ pЈ, a system of two equations with two unknowns for each level is obtained:
T ) dp, and
Note that the quantity in { } is the residual radiance not accounted for by the solution at the levels below pЈ (i.e., p Ͼ pЈ). Thus, the recursive process starts with pЈ ϭ p s , in which case the integral quantity in the { } is zero. The recursive process is iterated until the residuals (T) and (q) become smaller than the noise level R* R* pЈ pЈ of the measurements in a spectral rms sense.
In the solution for the temperature and water vapor profiles, the spectral regions used (Table 1) are pure from the point of view of not being affected by a nonuniformly mixed gas other than water vapor (i.e., spectral regions where ozone, carbon monoxide, methane, chlorofluorocarbons, etc., are significant are avoided for the temperature and water vapor retrieval). Also, to minimize the impact of clouds on the retrieval, spectral regions that are relatively transparent to IR radiation (i.e., ''windows'') are used to define cloud parameters (altitude and emissivity) and are not included in the system of equations used in the profile retrieval process.
The pressure of the cloud base is specified using the initial temperature profile and a cloud-base height supplied by simultaneous ceilometer or micropulse lidar measurements. In the absence of these direct measurements of cloud-base altitude, it is specified from semitransparent carbon dioxide absorption channel radiances and neighboring window channel radiances. Since carbon dioxide is a uniformly mixed gas, the carbon dioxide depth from the surface to the cloud is directly proportional to the difference between the cloud pressure and the surface pressure. Specifically, it can be shown that
where it is assumed that the cloud emissivity for the carbon dioxide absorption line and the neighboring window (i.e., in between neighboring carbon dioxide lines) is constant; p c is the cloud pressure; R 1 , R 0 are the observed radiances; , are the calculated clear column radiances; and subscripts 0, 1 are the window and carbon dioxide absorption channel frequencies, respectively. 
assuming 0 ( p s , p c ) ഡ 1. Thus, the cloud pressure function f ( p c ) is mainly dependent on the transmittance of the atmosphere between cloud and ground, which for carbon dioxide is proportional to the pressure difference between cloud and ground. In numerical practice, p c is specified as that value that minimizes the difference between the left-and right-hand sides of Eq. (5) over a relatively large set of spectral channels (750-800 cm Ϫ1 ) used for this process. Cloud pressure is estimated prior to the determination of T and q in each iterative step using prior solutions of T and q for computations of the R, B(T), and ( p s , p) terms in (5).
The effective cloud emissivity spectrum needed for (2) is estimated by linear interpolation between window wavelengths (see Table 2 ) across the spectrum. The emissivity for the window wavelengths is determined using the relation ∫ p s vious solutions for T and q and the cloud-base pressure specified from lidar data or using (5) above.
Thus, retrievals can be achieved beneath clouds. The three requirements to obtain an accurate temperature and water vapor retrieval from the surface up to the cloudbase altitude are 1) a good initial profile (i.e., the statistical regression retrieval), 2) a good definition of cloud-base altitude (obtained by a simultaneous ceilometer measurement, a concurrent micropulse lidar measurement, or by the CO 2 / window channel radiative transfer procedure outlined above), and 3) cloud emissivity [calculated using (7) within the retrieval algorithm].
A necessary component for performing AERI retrievals in real time (within a 10-min window) is a fast forward model obtained by regressing optical depth from a line-by-line transmittance model against parameters obtained from the temperature and water vapor mixing ratio profiles. Effective absorption coefficients for radiatively active constituents (i.e., H 2 O, O 3 , CH 4 , etc.) are calculated using FASCODE (Clough et al. 1981 ) and the HITRAN database (Rothman et al. 1992) for a diverse set of radiosonde measurements. A rapid regression transmittance model (fast model) is then derived using these effective absorption coefficients (Eyre 1991) . The fast transmittance model provides the basis for rapid calculation of radiances needed to solve the system of equations above.
To correctly account for forward model spectroscopy and regression errors, determining a bias error spectrum for the retrieval algorithm is necessary. That is, when converging to a solution using the recursive method above, a bias must be added to the calculated radiance to alleviate systematic computation errors and instrumental bias errors. Historically, differences between calculated and observed radiances are obtained from clear radiosonde profiles of temperature and water vapor and VOLUME
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FIG. 3. AERI retrieval statistics for cases from June 1996 to December 1996 compared to a radiosonde (221 matches). (a) AERI retrieval temperature rms differences from radiosonde for both the regression first guess (long dashed) and final physical retrieval (solid black). Also displayed are mean differences for the same matches for first guess (dashed triangles) and physical retrievals (solid circles). coincident AERI observations. Several of these residual differences are averaged to obtain a bias spectrum. The bias used in the AERI retrieval statistics shown below was based on calculated spectra for 20 carefully selected radiosondes and corresponding AERI spectral radiance observations during September 1996. This same bias, used for all times throughout the year, has proven to provide satisfactory results.
Results
AERI spectra are processed in a real-time mode, providing temperature and moisture retrievals for a large variety of climatological and atmospheric conditions in the clear sky or below cloud base. The accuracy of temperature retrievals is demonstrated to be better than 0.6 to 1.3 K from the surface to 3 km (see Fig. 3a , solid line), and mixing ratio retrieval differences (see Fig. 3b , solid line) are between 0.8 to 1.4 g kg Ϫ1 , as judged using coincident radiosondes over a six-month period (221 cases) at the SGP ARM site near Lamont. The dashed lines show AERI retrieval first-guess differences from radiosondes before the physical retrieval algorithm reduces the spectral residuals. Improvement in temperature is noted at all altitudes, while most of the water vapor information is added in the first 1500 m of the atmospheric column. A mean bias is presented in Fig.  3 (solid line with dots), indicating average differences between radiosonde and AERI retrievals to be near zero until 1500 m for both temperature and water vapor. AERI retrievals on average are moister and warmer than radiosonde measurements from 1500 to 3000 m. The regression first-guess bias appear to have the same features as indicated (dashed line with triangles) in Fig. 3 . The AERI physical retrieval algorithm reduces the firstguess mean bias for both temperature and water vapor toward zero at all levels. While the physical retrieval tries to correct the first guess to fit the observed radiances, a mean difference of as great as 0.5 K and 0.7 g kg Ϫ1 relative to radiosondes still exists above 1500 m. It is believed that further work on the fast forward model will reduce this bias aloft. Figure 4 shows the physical retrieval sensitivity to the microwave radiometer TPW and surface moisture information to the first guess (Fig. 2) . These additional data have negligible impact (Fig. 4a) on temperature. For moisture (Fig. 4b) , a reduction in rms differences with radiosondes occurs in the lowest 1500 m when a well-calibrated surface moisture value is inserted at the surface point in the first guess used for the physical retrieval (dot-dashed line). The rms differences are reduced by as much as 0.3 g kg Ϫ1 . Using TPW as a predictor in the first guess improves rms differences from 1500 to 3000 m by 0.1 g kg Ϫ1 . However, final physical AERI retrievals have nearly the same rms differences in the lowest 1500 m, indicating that AERI physical retrievals are insensitive to additional TPW predictor information within the first guess in the lower part of the PBL. The best agreement between radiosonde and AERI physical retrieval moisture profiles occur when both a surface mixing ratio and a microwave TPW measurement are used (black solid line).
The rms differences for the physical retrievals (solid lines) shown in Fig. 3 should be considered as an upper bound for AERI retrieval error since the radiosondes possess measurement errors particularly for water vapor, and the columns of atmosphere sampled differ because of the horizontal motion of the ascending balloon. In general, radiosonde errors are on the order of 0.5ЊC and 10% for temperature and relative humidity, respectively (Pratt 1985; Schmidlin 1988) , indicating that the actual errors in the AERI retrievals are significantly smaller than the estimates shown in Fig. 3 . With good retrieval accuracy and high temporal resolution, the AERI instrument can be utilized to study mesoscale meteorological features that may not be resolved by direct measurement as a result of infrequent radiosonde launches. Figure 5 demonstrates AERI's capabilities for resolving spatial features that 3-hourly radiosonde launches observe but with higher temporal frequency. On 12 September 1996, a cold front passed through the Lamont area. AERI resolved the rapid vertical temperature decrease at approximately 0600 UTC. An interpolation between radiosondes launched 3 h apart indicates the same feature. Since the normal frequency of radiosonde launches is 12 h, the AERI will provide better resolution of the PBL features than operational radiosonde measurements. It is also worthy to note that the vertical resolution of the AERI retrievals is somewhat inferior to the point measuring radiosondes. However, the high time frequency of the AERI sounding provides some compensation in terms of providing significant thermodynamic temporal structure information of the PBL. Note that the radiosonde information exists at the long dashed lines. Figure 6 shows the same frontal passage, but instead AERI water vapor mixing ratio profiles are compared to Raman lidar (Melfi et al. 1985; Goldsmith et al. 1994 ) and radiosondes. Notice that the AERI and Raman lidar indicate rapid absolute moistening of the PBL at 0600 UTC, while the radiosondes appear to miss the airmass transition due to launches on either side of the frontal passage. AERI retrievals also resolve the elevated water vapor layer at 1 km, also present in the Raman and radiosonde cross sections. Active Raman lidar profiles also have higher vertical resolution than AERI due to the active system's capa- FIG. 6 . Example of AERI boundary layer water vapor retrievals compared to Raman lidar and interpolated radiosonde cross sections (radiosonde locations as in Fig. 5 ), indicating AERI and lidar agreement in water vapor increase and an elevated layer of moisture occurs between 1600 and 2200 UTC. bility to range gate (i.e., altitude layer restrict) the energy sensed. Raman lidar has proven to be a very valuable research tool for verifying AERI retrieval accuracy, but due to high production cost, it is not yet practical for widespread operational implementation.
It is important to note that Figs. 5 and 6 were constructed from AERI retrievals for both clear and cloudy conditions. The cloud-base altitudes ranged from 5 to 12 km during the day shown with the lowest clouds being observed near the time of frontal passage.
Vertical resolution of retrieved profiles
The vertical resolution of the retrieved profiles is estimated by analyzing the vertical interlevel covariance of the errors in the retrieved temperature and water vapor values. The error in the retrieval is approximated as the difference between the retrieved values and radiosonde observations. Assuming that there is no bias component to the errors of the radiosonde observations (i.e., no vertical correlation of the radiosonde errors of measurement), then the vertical covariance of the retrieval error represents the vertical resolution of the retrieved temperature and water vapor values.
Mathematically, the covariance between the error of retrieved temperature at one level with the error in temperature at all other levels is given by
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approaches the identity matrix. Figures 7 and 8 show the AERI retrieval error vertical covariance functions for temperature and water vapor, respectively. Figures 7a and 8a show the vertical resolution of the retrieved temperature and moisture profiles as defined from the half-width of the covariance functions for each atmospheric level (i.e., the vertical distance between the 0.5 covariance values). As shown, the vertical resolution for temperature is nearly infinite at the surface decreasing rapidly to about 400 m within the lowest 1 km and to about 1000 m at the 2-km level. The water vapor vertical resolution within the lowest 1 km is almost constant at 400 m. The resolution degrades to about 800 m at 2 km above the surface.
Note that the vertical resolution for water vapor degrades more slowly with altitude than does the vertical resolution for temperature. This characteristic is believed to be due to the fact that water vapor mixing ratio decreases in a near-exponential fashion. The temperature profile is derived from CO 2 emission, and the CO 2 mixing ratio is uniform with respect to altitude. As a consequence, water vapor emission for different wavelengths emanates from narrower layers of the atmosphere than does CO 2 emission for different wavelengths of measurement.
These resolution estimates are a lower limit due to the relatively coarse vertical quadrature used for the retrieval (see Table 3 ) and because of vertically correlated errors in the rapidly ascending radiosonde measurements. A similar analysis using active remote sensing measurements (i.e., Raman lidar for water vapor and a radio acoustic sounding system for temperature) will be performed to validate the estimates of AERI profile retrieval resolution shown here.
Future directions
AERI is used to monitor the change of the thermodynamic structure in the planetary boundary layer. Good skill has been shown for the SGP CART site over two years. Example meteorological applications of this PBL sounding technique are given by Feltz et al. (1998) . Future research includes combining GOES-8 sounding radiances with AERI sounding radiances to produce full tropospheric vertical profiles of temperature and water vapor. The retrieval algorithm, soon to be implemented, includes a new and improved fast transmittance model based on the Line-By-Line Radiative Transfer Model (Clough et al. 1989 ). More retrieval levels are also being added to the algorithm in the first 2 km, from the surface upward, to better optimize the vertical resolution available in the AERI radiances and to minimize quadrature error. Finally, the AERI PBL profiles will be used to study the improvement in mesoscale forecast models when retrievals are available from the grid of five AERIs in the Southern Great Plains of the United States.
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Form of Radiative Transfer Equation Inverted for Atmospheric Temperature and Water Vapor Profile Using AERI Data
The radiative transfer equation governing the downwelling spectral radiance at the surface ( p ϭ p s ) is 0 d ( p , p) s R ϭ Ϫ B ( p) dp, ͵ dp p s where is the spectral wavenumber, p is the atmospheric pressure, B is the Planck radiance, and is the atmospheric transmittance. Considering a deviation from a ''guess'' state denoted by a zero superscript ( subscript omitted),
␦R ϭ R Ϫ R ϭ Ϫ B dp ϩ B dp ͵ ͵ dp dp ␦R ϭ Ϫ ␦B dp Ϫ B dp, (A1) ͵ ͵ dp dp p p s s where ␦ ϵ Ϫ o . To express ␦R in terms of the desired profile variables T and q, where T is the atmospheric temperature and q is the mixing ratio of the absorbing gas (e.g., water vapor), we use the linear approximation W ϭ k B ϩ B dp . ␦q dp (1 Ϫ f )q dp where f is a fraction (e.g., 0.9). Since (A7) is nonlinear (i.e., W T and W q depend on T and q), it must be solved iteratively by recomputing W T and W q from the prior solution for T and q during the iterative process.
